¢ Desalination and Water Treatment
www.deswater.com

0 doi:10.5004/dwt.2019.24062

159 (2019) 257-268
August

Corrosion inhibition of mild steel by an effective imidazoline derivative based

on waste oil in hydrochloric acid

H.H. Zhang*** Y. Chen"*, Z. Zhang®

“Department of Chemistry, Zhejiang University, Hangzhou, Zhejiang 310027, China
email: bzuzhanghong@163.com (H.H. Zhang), eaglezzy@zju.edu.cn(Z. Zhang)

"Department of Chemical Engineering and Safety, Binzhou University, Binzhou, Shandong 256600, China
email: bzuzhanghong@163.com (H.H. Zhang), chen123yu123@163.com (Y. Chen)

Received 21 October 2018; Accepted 28 February 2019

ABSTRACT

An efficient imidazoline derivative (WOI) based on waste oil was synthesized and its inhibition
effect on mild steel corrosion in 1.0 M HCI solution was investigated using gravimetric measure-
ments, potentiodynamic polarization, electrochemical impedance spectroscopy (EIS), scanning
electron microscopy and energy dispersive spectrum. Results revealed that WOI showed good
inhibition performance for mild steel in 1.0 M HCl. Potentiodynamic polarization study indicated
that the WOI inhibitor acted as mixed-type inhibitor, and predominantly cathodic. EIS measure-
ments suggested that the inhibition efficiency increased with increasing WOI inhibitor concen-
tration and the maximum value of inhibition efficiency was 93.6% at 200 mg/L. Adsorption of
WOI inhibitor on mild steel surface in 1.0 M HCl is spontaneous and obeys Langmuir adsorption
isotherm. Both the physical and chemical adsorption existed for the WOI inhibitor adsorption on
mild steel surface, and the physical adsorption is predominant. Meanwhile, the activation energy
E,and some thermodynamic parameters (AH*, AS*) were calculated to give insight into the inhibi-

tion mechanism.
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1. Introduction

Mild steel is a popular metal material which has been
commonly used as structural materials in petroleum and
chemical engineering [1-6]. However, mild steel can be
easily corroded at different environments, especially when
exposed to HCI solution. The corrosion of mild steel will
cause significant damage to economy and even human
safety. Till now, numerous anticorrosion methods have been
explored to protect mild steel from acid corrosion [7-9]. The
utilization of organic inhibitors has been found to be one of
the most economical and efficient ways [10-12]. The organic
inhibitors work by adsorbing on to mild steel surface to
form a protective film to restrain the aggressive acid attack.
Their inhibition effectiveness does not only depend on the
corrosive media, but also the chemical structure [13-15].

*Corresponding author.

Generally, the most efficient inhibitors are those molecular
structure contains nitrogen, sulfur, oxygen, heterocyclic/
aromatic rings, multiple bonds or polar functional groups
[16-18], which acts as adsorption centers on mild steel
surface to form a physical barrier to hinder the corrosion
reaction. The imidazole derivatives have been considerably
applied for inhibition of metal corrosion due to its typical
molecular structure. Wang [19] has studied the inhibition
behavior of imidazole derivative for aluminum corrosion
in acidic media and found that the inhibitor exhibited a
high inhibition efficiency of 97.5%. Two other imidazole
derivatives acted as anodic inhibitors for mild steel in 1.0
M hydrochloric acid and the maximum inhibition efficiency
reaches 98.04% when the inhibitor concentration was 107
mol/L [20].

With increasing consideration of undesirable toxicity
to the environment and human when employing these
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organic compounds, their widespread application has been
limited. Therefore, it is an urgent and significant demand to
look for “green” and “non-toxic” organic inhibitors. Much
attention has paid to the natural products, such as vegetable
oils [21,22], plant extracts [23-25], and derivatives based on
them for their low cost and environmental friendless. Thy-
mus vulgaris plant extract has been used as an eco-friendly
corrosion inhibitor for stainless steel 304 in 1.0 M HCl solu-
tion [26]. The inhibition efficiency of Atlas cedar essential
oil exceeded 88% at 1 g/L for steel in 1 M hydrochloric acid
[27]. Waste oil is a kind of inferior oil and over 4 million tons
of them was produced in china every year, which inevita-
bly bring remarkable pollution to environment and cause a
huge waste of resources.

Based on the consideration that organic compounds
containing N, O, heterocyclic rings presents excellent inhi-
bition efficiency for mild steel in acidic solution and to
take advantage of waste oil, in the present work, an effi-
cient imidazoline derivative based on waste oil was syn-
thesized and theinhibition performance on mild steel in
1.0 M HCI solution was systematically investigated using

weight loss measurements, potentiodynamic polarization,
electrochemical impedance spectroscopy (EIS), scanning
electron microscopy (SEM) and energy dispersive spectros-
copy (EDS). Meanwhile, the influence of temperature and
immersion time on the inhibition effect was also discussed.

2. Experimental
2.1. Materials

The corrosive solution 1.0 M HCl was prepared from
diluting 37 wt.% HCI (analytical grade, Sinopharm Chem-
ical Reagent Co., Ltd.) with double distilled water. Waste
oil (obtained from local market) was used to synthesize the
imidazoline derivative according to the scheme presented
in Fig. 1 and the main physicochemical properties of the
obtained waste oil are shown in Table 1. Firstly, the obtained
waste oil was filtered and then reacted with triethylenete-
tramine (Sinopharm Chemical Reagent Co., Ltd.) at 140-
160°C under magnetic stirring for about 4.5 h. Then, the
mixture was heated up to 200-210°C and refluxed to com-
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Fig. 1. Preparation scheme of studied imidazoline derivative (WOI).
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Table 1

The main physicochemical properties of the obtained waste oil
Saponification value 223.15 mg KOH/g
Acid value 0.248 mg KOH/g
Water content 2.36%

plete the cyclizing of imidazoline. The dehydration process
was monitored by thin layer chromatography (TLC) and
the amount of produced water. Laterly, the obtained imid-
azoline derivative was reacted with benzyl chloride (Sino-
pharm Chemical Reagent Co., Ltd.) at about 110°C for about
3 h to enhance its water solubility. Finally, the raw product
was purified through column chromatography using the
mixture of trichloromethane and ethyl acetate.

FTIR (Nexus670, NICOLET) was performed in the
wave-number range from 400 to 4000 cm™ to analyze the
structure of the purified product (designated as WOI),
and the result was depicted in Fig. 2. Characteristic peaks
located at 2924 cm™ and 2853 cm™ correspond to the asym-
metric stretching and symmetric stretching vibration of
C-H. The peak at 1745 cm™ is ascribed to the C=0O stretch-
ing vibration which disappeared in Fig. 2b. It is obvious
that a strong peak at 1606 cm™ can be observed for obtained
WOI, which is correlated to the C=N bond in the imidaz-
ole ring. Additionally, another peak located at 699 cm™ may
be due to single substitution in benzene ring. Furthermore,
the product was characterized using 'H-NMR spectropho-
tometer (DMX-500, BRULCER.CO.) of 500 MHz. During
the measurements, deuterated chloroform and TMS were
used as the solvent and standard, respectively. Fig. 3 shows
the '"H-NMR spectra of obtained WOI inhibitor. It can be
seen that the chemical shift located at 7.26 ppm corresponds
to the H in the benzene ring. And peaks at 2.77 and 3.42
ppm were related to proton of NH and imidazole ring. The
strong peak at 1.28 ppm was ascribed to that of CH,. From
the above analysis, it can be deduced that the target com-
pound had been synthesized.

2.2. Weight loss experiments

The mild steel specimens of dimension 50 mm x 25 mm
x 5 mm were used for weight loss experiments, which were
taken out according to the previously described procedure
[28,29]. The chemical composition of mild steel is shown in
Table 2. The corrosion rate C, (mg cm™ h™'), inhibition effi-
ciency (IE%) and surface coverage (6) were calculated using
the following equations [30]:

87.6 xW
AR A 1
K Axtxp M
IE(O/O) = (1 - C]{inhi/CRﬂee) X 100 (2)
0=1- CKinhi/CRfree (3)

where W is the average mass loss (mg), A is the working
area (cm?), f is immersion time (h) and p is the density (7.86
gcm?). C,.-and C,. are the calculated corrosion rates for
mild steel with and without inhibitors, respectively.
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Fig. 2. FTIR of the (a) waste oil; (b) obtained WOL.
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Fig. 3. 'H-NMR of the obtained WOIL.

Table 2
Chemical composition (mass fraction, wt. %) of Q235 mild steel
samples

C 0.16
Mn 0.53
Si 0.30
S <0.055
P <0.045
Fe Bal.

2.3. Electrochemical measurements

All the electrochemical measurements were performed
with a traditional three electrode electrolytic cell consisting
of cylindrical mild steel as working electrode, a large grid
of platinum (2.0 cm?) as counter electrode and a saturated
calomel electrode (SCE) as reference electrode. The work-
ing area of cylindrical mild steel is 0.50 cm?. Prior to elec-
trochemical measurements, the working area was abraded
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successively with different grades of SiC emery papers,
polished to mirror with 2.5 ym diamond paste, and rinsed
with acetone. Then the polished working electrode was
immersed into testing solution for 1 h when the open cir-
cuit potential (OCP) reached a steady state. The potentio-
dynamic polarization curves were recorded at a scan rate
of 1 mV/s in the potential range of E,_-250 mV to E,_+250
mV. EIS measurements were conducted in the frequency
range from 100 KHz to 10 mHz at E, with 5 mV amplitude
of AC perturbation using an impedance measurement unit
(PARSTAT 2273).

2.4. Surface investigation

The surface morphologies of mild steel specimens after
immersion in 1.0 M HCI without and with WOI inhibitor
were recorded using SEM model Hitachi SU80 instrument.
The surface composition of mild steel specimens at different
conditions was also investigated by a EDX detector.

3. Results and discussion
3.1. Weight loss measurements
3.1.1. Effect of inhibitor concentration

The weight loss results of mild steel in 1.0 M HCl solu-
tion in the absence and presence of different concentrations
of WOI inhibitor at 30°C are given in Table 3 and the rela-
tionship between inhibition efficiency and WOI inhibitor
concentration is shown in Fig. 4. It is apparent that the cor-
rosion rate reduces sharply from 4.35 mg cm™ h™'to 0.68 mg
cm™ h™' with addition of 30 mg/L WOI inhibitor compared
to the blank, which may be due to the formation of a pro-
tective film on mild steel to retard the aggressive acid attack
[31]. Additionally, the corrosion rate decreases with increas-
ing WOI inhibitor concentration, which is ascribed to the
stronger adsorption of WOI molecules on mild steel surface
at higher concentrations. Consequently, the inhibition effi-
ciency increases with the increase of WOI inhibitor concen-
tration from 30 mg/L to 200 mg/L, and the maximum value
of inhibition efficiency is 96.6% at 200 mg/L. This finding
suggests that WOI compound acts as an excellent corrosion
inhibitor for mild steel in 1.0 M HCl solution. It is noticeable
that the inhibition efficiency is over 80% when the concen-
tration is low (30 mg/L), indicating that WOI compound
exhibits good inhibition effect at low concentration.

Table 3
The weight loss parameters for mild steel in 1.0 M HCI
containing different concentrations of WOI inhibitor at 30°C

¢ (mg/L) C,(mgcm?h) (%) (€]

0 4.35+0.06 - -

30 0.68+0.02 84.4 0.844
50 0.56+0.03 87.1 0.871
100 0.31+0.01 929 0.929
150 0.22+0.02 949 0.949
200 0.15+0.01 96.6 0.966

3.1.2. Adsorption isotherm

The adsorption behavior of inhibitor molecules on metal
surface can be expressed through adsorption isotherm [32].
Therefore, to get more valuable information about the
adsorption of WOI inhibitor on mild steel surface, various
adsorption isotherms, including Frumkin, Langmuir and
Temkin isotherms, are applied to fit the correlation of sur-
face coverage (6) and WOI inhibitor concentration (c). It can
be seen that (Fig. 5) a linear relationship can be established
between ¢/6 and ¢ with the linear association coefficients
over 0.99, and the slope is close to 1, indicating that the
adsorption of WOI molecules on mild steel surface obeys
the Langmuir adsorption isotherm [33-35]:

£ = L +c (4)
0 Kuds

where 6 is surface coverage obtained from weight loss mea-
surements, K , is the equilibrium constant which can be
derived from the intercept.
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Fig. 4. Relationship between inhibition efficiency and WOI
inhibitor concentration.
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Fig. 5. Langmuir adsorption isotherm for WOI inhibitor adsorp-
tion on to mild steel surface.
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In addition, the standard free energy of adsorption
AG),. can be obtained from the following relation [36,37]:

-AG®

v =—RTIn(55.5K,,,) (5)
where R represents the universal gas constant and T corre-
sponds to the absolute temperature (K).

The value of AG,, for WOI inhibitor adsorption on mild
steel was calculated to be —26.5 k] /mol. The negative value
of valuable indicates that the adsorption of WOI inhibitor
molecules on mild steel surface is spontaneous [38]. Gen-
erally, a value of AG), around -20 kJ/mol or lower sug-
gests the physical adsorption mechanism by electrostatic
interaction, whereas a value of AGY, around —40 kJ/mol or
higher reveals the chemical adsorption mechanism involv-
ing charge sharing or transfer from the organic molecules to
the metal surface to form a coordinate bond [39]. Therefore,
it is rational to deduce that both the physical and chemical
adsorption existed for the WOI inhibitor adsorption on mild
steel surface, and the physical adsorption is predominant.

3.1.3. Effect of temperature

Weight loss measurements were conducted at different
temperatures ranging from 30°C to 60°C in the absence and
presence of 200 mg/L WOI inhibitor and the results are
listed in Table 4. Obviously, in the uninhibited solution, the
value of C, increased from 4.35 to 28.5 mg cm™ h™' with ris-
ing temperature from 30°C to 60°C, suggesting that the dis-
solution rate of mild steel in 1.0 M HCl solution gets faster
at higher temperatures. With addition of 200 mg/L WOI
inhibitor, the value of C,increased from 0.15 to 4.19 mg cm™
h™with the temperature rises from 30°C to 60°C. Addition-
ally, the inhibition efficiency reduces from 96.6% to 85.3%
with the increase of temperature from 30°C to 60°C, which
may be related to the larger desorption rate of WOI inhibi-
tor molecules on mild steel surface at higher temperatures
[40]. According to the previous study, the decrease of inhibi-
tion efficiency with increasing temperature suggests physi-
cal adsorption of organic molecules onto mild steel surface
[41,42]. Thus, in our case, the adsorption of WOI inhibitor
on mild steel surface mainly follows physical adsorption,
which result agrees well with that deduced from the stan-
dard free energy of adsorption. It is clear that a linear rela-
tionship between log(C,) and 1000/T can be established as
depicted in Fig. 6. The apparent activation energy (E ) for
mild steel dissolution in 1.0 M HCl solution in the absence
and presence of 200 mg/L WOI inhibitor can be calculated

Table 4

The weight loss parameters for mild steel in 1.0 M HCI solution
in the absence and presence of 200 mg/L WOI inhibitor at
different temperatures

Temperature  Blank 200 uM N (%)
(°C) Cimgcem?h™)  C,(mgcm?h)

30 4.35 0.15 96.6
40 8.45 0.77 90.9
50 20.3 243 88.0
60 28.5 419 85.3

according to the Arrhenius equation [43—45] and the results
are give in Table 5:

log (Cy log(A) (6)

-E
)= o+
2.303RT
where R is the universal gas constant, T is absolute tem-
perature, A is the pre-exponential factor.

Moreover, various activation parameters, such as
enthalpy of activation (AH”) and entropy of activation
(AS?) for mild steel dissolved in 1.0 M HCI solution with-
out and with 200 mg/L WOI inhibitor can also be calculated
according to the transition state equation [46,47]:

Ci =RT / Nhexp(-AH! / RT)exp(AS? / R) )

where C, is the corrosion rate at different testing tempera-
ture, N is Avogadro’s number and / is Plank’s constant.

The apparent activation energy (E ) can be calculated
from the slope of the straight line shown in Fig. 6, and
enthalpy of activation (AH?) and entropy of activation
(AS?) can be obtained from ‘the slope and intercept of the
straight line shown in Fig. 7, respectively. From Table 5, it is
clear that the value of E with 200 mg/L WOI inhibitor (93.9
KJ mol™) is higher than that without WOI inhibitor (44.1
KJ mol™). The increase of E value with addition of organic
inhibitor compared to the blank can be ascribed to the elec-
trostatic interaction between WOI inhibitor molecules and
mild steel surface, indicating the physical adsorption mech-
anism of WOI inhibitor on mild steel surface [48]. This find-
ing is in good accordance with that inferred from that of
the adsorption isotherm. The above conclusions have also
been reported by other researches [49-51]. Meanwhile, the
positive value of AH? for both the uninhibited and inhib-
ited samples reveals the endothermic nature of mild steel
dissolution in 1.0 M HCl solution. The larger value of AH?
with addition of 200 mg/L WOI inhibitor (91.3 KJ mol™)
compared to the blank (41.4 KJ mol™) suggests the disso-
lution rate of mild steel gets slower in the presence of 200
mg/L WOI inhibitor. Moreover, the larger negative value
of AS! in the presence of 200 mg/L WOI inhibitor is due to
formation of ordered stable film of WOI molecules on mild
steel surface [52].

3.1.4 Effect of immersion time

The influence of immersion time on the inhibition effi-
ciency for mild steel in 1.0 M HCI solution with addition
of 200 mg/L WOI inhibitor is shown in Fig. 8. It is obvious
that the inhibition efficiency initially increases from 96.6%

Table 5
The activation parameters for mild steel dissolution in 1.0 M
HCl solution without and with 200 mg/L WOI inhibitor

1.0 M HC1

C (mg/L) E, AH® AS°
KJmol™ Kimol"  Jmol' K

0 441 414 93.5

200 939 91.3 —45.2
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Fig. 6. Arrhenius plot of log (C,) vs. 1000/T in the absence and presence of 200 mg/L WOI inhibitor.
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Fig. 8. Dependence of inhibition efficiency on immersion time
for mild steel in 1.0 M HCl solution in the presence of 200 mg/L
WOI inhibitor.

to 98.2% with increasing immersion time from 2 h to 8 h,
which may be due to the strong adsorption and more and
more active sites was occupied by WOI inhibitor molecules.
After 8 h immersion time, the inhibition efficiency slowly
decreases with increasing immersion time. It is noticeable

that during our immersion time (96 h), the inhibition effi-
ciency is still over 95%, suggesting the long-term inhibition
effect of WOI inhibitor for mild steel in 1.0 M HCI solution.

The comparison of inhibition effect between inhibitors
reported in literatures and the present work is shown in
Table 6. It is clear that the inhibitor imidazole derivative
P1 reported in literature 20 exhibited the highest inhibition
efficiency of 98.0% at a concentration of 400 mg/L for mild
steel in 1.0 M HCI solution. While some inhibitors showed
smaller values of the inhibition efficiency, although with
addition of larger concentration [1,28]. However, the effec-
tive imidazole derivative P1 may be hard to fabricate due
to its complicated molecular structure and the synthesizing
procedure was not reported yet [20]. It is noticeable that the
effect of immersion time on the inhibition efficiency was not
investigated for most of the studies. Therefore, based on the
experimental results, it is rational that the waste oil based
imidazline derivative has the practical potential for protec-
tion of mild steel in 1.0 M HCl solution due to its good inhi-
bition effect and long-term inhibition performance.

3.2. Electrochemical measurements
3.2.1. Open circuit potential curves

The open circuit potential for mild steel in 1.0 M HCI
solution without and with different concentrations of WOI
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Table 6

Inhibition effect of different inhibitors for mild steel in 1.0 M HCl solution reported in the literatures

Inhibitors Maximum IE% ¢ (g/L) Long-term effect Ref.
Unsymmetrical Schiff’s Base 92 0.6 no reported [1]
2-aminobenzene-1,3-dicarbonitriles derivatives 97.8 0.1 no reported [10]
Imidazole derivative P1 98.0 0.40 no reported [20]
Imidazole derivative P2 96.5 0.46 no reported [20]
cefalexin drug 921 0.5 no reported [28]
1-(4-methyl-phenyl)-1H-pyrrole-2,5-dione 97.5 0.187 no reported [30]
3,5-bis(4-methoxyphenyl)-4-amino-1,2,4-triazole 98 0.1 no reported [37]
Waste oil based imidazoline 96.6 0.20 >95% at 96 h This work
-044 0
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Fig. 9. Open circuit potential for mild steel in 1.0 M HCl solution
without and with different concentrations of WOI inhibitor.

inhibitor is depicted in Fig. 9. In our experimental condition,
the OCP reached a steady state after 1 h immersion time. It
can be seen that the OCP moved in the negative direction
with addition of different concentration of WOI inhibitor
compared to the blank. This shift may be corresponds to the
formation of adsorption film on mild steel surface.

3.2.2. Potentiodynamic polarization curves

Potentiodynamic polarization curves for mild steel
in the absence and presence of different concentrations of
WOI inhibitor in 1.0 M HCI solution at 30°C are shown in
Fig. 10. It is clear from Fig. 10 that both the cathodic and
anodic current densities decrease with addition of WOI
inhibitor in to the corrosive media compared to the uninhib-
ited, which may be due to the surface coverage of WOI mol-
ecules on mild steel surface [53]. In addition, the E_ moves
to the negative direction in the presence of different con-
centration of WOI inhibitor. Moreover, it can be seen that
the shape of potentiodynamic polarization curves without
and with WOI inhibitor are almost the same, revealing that
WOI inhibitor inhibited the mild steel corrosion in 1.0 M
HCl solution through adsorption on its surface and did not
modify the dissolution mechanism [54]. Various electro-
chemical parameters, including corrosion potential (E_ ),
corrosion current density (j_ ), cathodic Tafel slope(B.) and

Fig. 10. Potentiodynamic polarization curves for mild steel in
1.0 M HCI solution without and with different concentrations
of WOI inhibitor.

Table 7

Polarization parameters for mild steel in 1.0 M HCl solution in
the absence and presence of different concentrations of WOI
inhibitor

c B, B 5, e )
(mg/L) (mV) (mV dec?) (mV dec') (pAcm?)

0 —442 94.6 107.8 496 -

30 -463 102.8 112.3 87.8 82.3
50 -465 105.7 115.7 734 85.2
100 —472 112.3 121.2 56.5 88.6
150 —476 108.1 125.6 421 91.5
200 —483 106.5 118.9 35.2 929

anodic Tafel slope (B,) were calculated by Tafel extrapola-
tion method and the values are listed in Table 7.

The inhibition efficiency 1,(%) obtained from potentio-
dynamic polarization measurements can be calculated as
follows [55], and the results are also listed in Table 7.

nPO/O = (1 - jinhi / jfree) X 1000/0 (8)

where j, . .and j,  are the corrosion current densities for the

inhibited and uninhibited samples, respectively.
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It is apparent from Table 7 that the value of I
decreases from 496 pA cm?to 42.1 pA cm= when the
WOI inhibitor concentration increases from 0 to 200
mg/L, suggesting that WOI molecules strongly adsorb
on the mild steel surface and exhibits excellent inhibi-
tion effect for mild steel in 1.0 M HCI solution. Mean-
while, the maximum displacement in E__is 41 mV when
WOI inhibition concentration is 200 mg/L. It is reported
that when the shift in E__ is less than 85 mV, we can
assume that the inhibitor is a mixed-type [56]. Therefore,
WOI compound acts as a mixed-type inhibitor for mild
steel in 1.0 M HClI solution, and predominantly cathodic.
Additionally, the value of both B_and 3, nearly remained
constant, which further proves that the inhibition effect
of WOI originates from the adsorption of WOI molecules
on mild steel surface and blocking the available reaction
sites [57].

3.2.3. EIS measurements

Fig. 11 represents the typical Nyquist diagrams
of mild steel in 1.0 M HCI solution in the absence and
presence of different concentrations of WOI inhibitor.
It can be seen that the Nyquist diagrams is remarkably
influenced and the diameter of semicircles significantly
increase with addition of WOI inhibitor compared to the
blank. This observation indicates that the dissolution
rate of mild steel in 1.0 M HCI solution is considerably
suppressed by WOI inhibitor, which may be attributed
to the adsorption of WOI molecules on mild steel surface
[58,59]. With the increase of WOI inhibitor concentration,
the diameter of the capacitive circle increases as well,
suggesting that more and more WOI inhibitor molecules
adsorb on to mild steel surface and forms a protective
barrier to hinder the acid attack [60]. As deduced through
both the EIS diagram features and the method proposed
by Wit [61,62], the impedance spectra is composed of sin-
gle depressed capacitive semi-circle in the blank solution
while two in the presence of WOI inhibitor, correspond
to the charge transfer process and adsorbed film capaci-
tance, respectively. In addition, the unideal semicircle is
attributed to the surface roughness and chemical inho-
mogeneity known as “dispersion effect” at the solid/
liquid interface [63]. Therefore, the ideal capacitance c
should be replaced by the constant phase element (CPE),
which impedance can be represented using the following
equation [64,65]:

1
Zepp =—— 9
“ Yoy’ Y
where o is the angular frequency, and n is a CPE exponent
which represents the surface roughness.

Consequently, the electrochemical equivalent circuit
shown in Fig. 12 is used to fit the EIS data. R is solution
resistance, CPE, and R represent double layer capaci-
tance and charge transfer resistance, respectively. CPE
and R, correspond to the film capacitance and film resis-
tance, respectively. The fitted results are listed in Table
8. The inhibition efficiency can be calculated by the fol-
lowing equation [66], whose values are also shown in
Table 8.
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Fig. 11. Nyquist (a) and Bode (b) (c) diagrams of mild steel in
1.0 M HCI solution containing different concentrations of SOI
inhibitor.

IE(%)=(1-R/* / R")x 100 (10)
where R and R are the total resistance in the absence
and presence of different concentration of WOI inhibitor,
respectively.

Inspection of Table 8 reveals that the value of R,
increases significantly with addition of WOI inhibitor com-
pared to the blank. Both R.and R , increase with the increase
of WOI inhibitor concentration, suggesting the lower dis-
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Fig. 12. Equivalent electrochemical circuit model used to fit the EIS data.
Table 8
EIS parameters for mild steel in 1.0 M HCI solution without and with different concentrations of WOI inhibitor
C (mg/L) R, R, R, Qu R =R+R, My Ners (%)
(Q cm?) (2 cm?) (Q cm?) (Q's" cm™?) (Q cm?)
0 1.56 - 33.8 204 33.8 091 -
30 1.34 18.5 204.5 134 223 0.96 84.8
50 142 254 236.6 125 262 097 87.1
100 1.51 321 286.9 119 319 0.96 89.4
150 1.27 39.7 377.3 107 417 0.95 919
200 1.33 442 483.8 98 528 0.97 93.6

solution rate of mild steel in 1.0 M HCI solution in the
presence of WOI inhibitor which is due to the adsorption
of WOI molecules on mild steel surface. The highest value
of R ,is 483.8Q2 cm? when the WOI inhibition concentration
is 200 mg/L. However, the values of Q, show the reverse
variation trend with R, which decrease with the increase
of WOI inhibitor concentration. This phenomenon can be
explained by the increase substitution of WOI molecules
for pre-adsorbed water on mild steel surface [67]. The value
of n is related to the roughness of the surface. Generally,
a larger surface roughness can be assumed with a smaller
value of n [68]. It is seen that the values of  are over 0.9 for
all the uninhibited and inhibited samples. And a little larger
value of n can be observed with addition of WOI inhibitor
than that of blank, revealing that the mild steel surface is
smoother in the presence of WOI inhibitor and the surface
roughness is improved due to the adsorbed protective film
on mild steel surface.

3.3. Surface investigation

Fig. 13 shows the surface morphologies of mild steel
in 1.0 M HCl solution in the absence and presence of 200
mg/L WOI inhibitor for 1 h. It can be seen that the mild
steel surface is severely corroded in the absence of WOI
inhibitor due to the aggressive acid attack (Fig. 13a).
When 200 mg/L WOI inhibitor was added in to 1.0 M
HCI solution, the mild steel surface is much smoother
(Fig. 13b), suggesting that the synthesized WOI inhibi-
tor could supply an effectively barrier to hinder the cor-
rosion reaction on mild steel surface. EDX spectra were
conducted to study the surface chemical composition
of mild steel (Fig. 14). It is obvious that with addition
of 200 mg/L WOI inhibitor, the characteristic peaks for
nitrogen (N) and chlorine (Cl) can be observed, which
further proved the presence of WOI molecules on mild
steel surface.
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Fig. 13. SEM images of mild steel surface (a) in the absence and (b) in the presence of 200 mg/L WOI inhibitor (b) in 1.0 M HCl solution.
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Fig. 14. EDX spectra of mild steel samples in1.0 M HCI solution without and with 200 mg/L WOI inhibitor.

4. Conclusions

An efficient imidazoline derivative (WOI) based on waste
oil was synthesized and its molecular structure was charac-
terized using FTIR. The inhibition behavior of WOI inhibitor
for mild steel in 1.0 M HCI solution was investigated using
gravimetric measurements, potentiodynamic polarization,
electrochemical impedance spectroscopy (EIS), scanning
electron microscopy and energy dispersive spectroscopy.
WOI proved to be a very good inhibitor for mild steel in 1.0
M HCI. The potentiodynamic study suggested that the WOI
inhibitor acted as mixed-type inhibitor, and predominantly
cathodic. EIS measurements suggested that the inhibit ion
efficiency increased with increasing WOI inhibitor concen-
tration and the maximum value of inhibition efficiency was
93.6% at 200 mg/L. Adsorption of WOI inhibitor on mild
steel surface in 1.0 M HCl is spontaneous and conforms to
Langmuir adsorption isotherm. Increased value of E, with
addition of WOI inhibitor revealed the physical adsorption
mechanism of WOI inhibitor on mild steel surface. SEM and
energy dispersive spectroscopy were performed to confirm
the presence of WOI molecules on mild steel surface.

Acknowledgements

This work was supported by National Natural Science
Foundation of China (Project 21403194,51771173, 21607011),

the Natural Science Foundation of Shandong Province
(ZR2019QEMO003, ZR2014BQ027, ZR2016BP11), the Major
Project of Binzhou University (2017ZDL02), the Science and
Technology Development Plan of Binzhou (2013ZC0703), and
Scientific Research Fund of Binzhou University (BZXYG1802,
BZXYZZ]J]J201604, BZXYFB20140805, BZXYL1403).

References

[1] K. Mallaiya, R. Subramaniam, S.S. Srikandan, S. Gowri, N.
Rajasekaran, A. Selvaraj, Electrochemical characterization of
the protective film formed by the unsymmetrical Schiff’s base
on the mild steel surface in acid media, Electrochim. Acta, 56
(2011) 3857-3863.

[2] K. Yufei, C. Fang, X. Ao, Molybdate-based corrosion inhibi-
tor system for carbon steel in sea ice melt-water, Desal. Water
Treat., 51 (2013) 3133-3137.

[3] H.M. Abd El-Lateef, V.M. Abbasov, L.I. Aliyeva, E.E. Qasimov,
LT. Ismayilov, Inhibition of carbon steel corrosion in CO,-sat-
urated brine using some newly surfactants based on palm oil:
Experimental and theoretical investigations, Mater. Chem.
Phys., 142 (2013) 502-512.

[4] . Jin, M. Li, Y. Guan, Mixture design of an environmentally
friendly scale and corrosion inhibitor in reclaimed wastewater
for cooling systems, Desal. Water Treat., 57 (2016) 23556—23570.

[5] H.M. Abd El-Lateef, A.M. Abu-Dief, B.EM. El-Gendy, Inves-
tigation of adsorption and inhibition effects of some novel
anil compounds towards mild steel in H,SO, solution: Elec-
trochemical and theoretical quantum studies, J. Electroanal.
Chem., 758 (2015) 135-147.



[71

[8]

[9]

[10]

(11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

H.H. Zhang et al. / Desalination and Water Treatment 159 (2019) 257-268

A.S. Fouda, H. Megahed, D.M. Ead, Lanthanides as environ-
mentally friendly corrosion inhibitors of iron in 3.5% NaCl
solution, Desal. Water Treat., 51 (2013) 3164-3178.

A. Mahmoodi, M. Ebrahimi, Role of a hybrid dye-clay
nano-pigment (DCNP) on corrosion resistance of epoxy coat-
ings, Prog. Org. Coat., 114 (2018) 223-232.

X.Gu, K. Dong, J. Tian, H. Li, J. Zhang, C. Qu, G. Chen, Investi-
gation of modified Ginkgo biloba leaves extract as eco-friendly
inhibitor for the corrosion of N80 steel in 5% HCI, Desal. Water
Treat., 107 (2018) 118-126.

Y. Chen, YY. Jiang, ZY. Ye, Z. Zhang, Adsorption dynamics
of benzotriazole on copper in chloride solution, Corrosion, 69
(2013) 886-892.

C.B. Verma, M.A. Quraishi, A. Singh, 2-Aminobenzene-1,3-dicar-
bonitriles as green corrosion inhibitor for mild steel in 1 M HCI:
Experimental, thermodynamic, surface and quantum chemical
investigation, J. Taiwan. Inst. Chem. E., 49 (2015) 229-239.

E.H.EI Assiri, M. Driouch, Z. Bensouda, F. Jhilal, T. Saffaj, M.
Sfaira, Y. Abboud, Quantum chemical and QSPR studies of
bis-benzimidazole derivatives as corrosion inhibitors by using
electronic and lipophilic descriptors, Desal. Water Treat., 111
(2018) 208-225.

N.A. Odewunmi, S.A. Umoren, Z.M. Gasem, S.A. Ganiyu,
Q. Muhammad, I-Citrulline: An active corrosion inhibitor
component of watermelon rind extract for mild steel in HCI
medium, J. Taiwan Inst. Chem. Eng., 51 (2015) 177-185.

D.K. Yadav, M.A. Quraishi, B. Maiti, Inhibition effect of some
benzylidenes on mild steel in 1 M HCl: an experimental and
theoretical correlation, Corros. Sci., 55 (2012) 254-266.

Y. Chen, YY.Jiang, H. Chen, Z. Zhang, ].Q. Zhang, C.N. Cao, Cor-
rosion inhibition of mild steel in acidic medium by linseed oil
based imidazoline, ]. Am. Oil. Chem. Soc., 90 (2013) 1387-1395.
N. Yilmaz, A. Fitoz, U. Ergun, K.C. Emregiil, A combined
electrochemical and theoretical study into the effect of 2-((thi-
azole-2-ylimino)methyl)phenol as a corrosion inhibitor for
mild steel in a highly acidic environment, Corros. Sci., 111
(2016) 110-120.

B. Ramaganthan, M. Gopiraman, L.O. Olasunkanmi,
M.M. Kabanda, S. Yesudass, I. Bahadur, Synthesized pho-
to-cross-linking chalcones as novel corrosion inhibitors for
mild steel in acidic medium: experimental, quantum chemical
and Monte Carlo simulation studies, RSC. Adv., 5 (2015) 76675—
76688.

M.A. Chidiebere, E.E. Oguzie, L. Liu, Y. Li, FH. Wang, Ascor-
bic acid as corrosion inhibitor for Q235 mild steel in acidic
environments, J. Ind. Eng. Chem., 26 (2015) 182-192.

H. Jafari, I. Danaee, H. Eskandari, Inhibitive action of novel
Schiff base towards corrosion of API 5L carbon steel in 1 M
hydrochloric acid solutions, Trans. Indian. Inst. Metals, 68
(2015) 729-739.

J. Wang, A. Singh, M. Talha, X. Luo, X. Deng, Y. Lin, Electro-
chemical and theoretical study of imidazole derivative as
effective corrosion inhibitor for aluminum, Int. J. Electrochem.
Sci., 13 (2018) 11539-11548.

M. Ouakkl, M. Rbaa, M. Galal, B. Lakhrlssl, E.H. Rlfi, M. Cher-
kaoul, Experimental and quantum chemical investigation of
imidazole derivatives as corrosion inhibitors on mild steel in
1.0 M hydrochloric acid, J. Bio TriboCorros., 4 (2018) 35.

A. Khadraoui, A. Khelifa, M. Hadjmeliani, R. Mehdaoui, K.
Hachama, A. Tidu, Z. Azari, I.B. Obot, A. Zarrouk, Extraction,
characterization and anti-corrosion activity of Mentha pule-
gium oil: Weight loss, electrochemical, thermodynamic and
surface studies, . Mol. Liq., 216 (2016) 724-731.

Z.N. Yang, YW. Liu, Y. Chen, Linseed oil based amide as cor-
rosion inhibitor for mild steel in hydrochloric acid, Int. J. Elec-
trochem. Sci., 13 (2018) 514-529.

S. Varvara, R. Bostan, O. Bobis, L. Giina, F. Popa, V. Mena, R.M.
Souto, Propolis as a green corrosion inhibitor for bronze in
wearkly acidic solution, Appl. Surf. Sci., 426 (2017) 1100-1112.
Y. Qiang, S. Zhang, B. Tan, S. Chen, Evaluation of Ginkgo leaf
extract as an eco-friendly corrosion inhibitor of X70 steel in
HCl solution, Corros. Sci., 133 (2018) 6-16.

[25]

[26]

[27]

(28]

[29]

(30]

(31]

[32]

(33]

[34]

(35]

(36]

[37]

(38]

(39]

[40]

(41]

(42]

267

PE. Alvarez, M.V. Fiori-Bimbi, A. Neske, S.A. Brandan, C.A.
Gervasi, Rolliniaoccidentalis extract as green corrosion inhibi-
tor for carbon steel in HCl solution, J. Ind. Eng. Chem., 58 (2018)
92-99.

A. Ehsani, M.G. Mahjani, M. Hosseini, R. Safari, R. Moshrefi,
H.M. Shiri, Evaluation of Thymus vulgaris plant extract as an
eco-friendly corrosion inhibitor for stainless steel 304 in acidic
solution by means of electrochemical impedance, electro-
chemical noise analysis and density functional theory, J. Col-
loid. Interf. Sci., 490 (2017) 444-451.

R. Idouhli, A. Oukhrib, Y. Koumya, A. Abouelfida, A. Ben-
yaich, A. Benharref, Inhibitory effect of Atlas cedar essential
oil on the corrosion of steel in 1 M HCI, Corros. Rev., 36 (2018)
373-384.

S.K. Shukla, M.A. Quraishi, Cefalexin drug: A new and effi-
cient corrosion inhibitor for mild steel in hydrochloric acid
solution, Mater. Chem. Phys., 120 (2010) 142-147.

A. Mishra, C. Verma, H. Lgaz, V. Srivastava, M.A. Quraishi,
E.E. Ebenso, Synthesis, characterization and corrosion inhibi-
tion studies of N-phenyl-benzamides on the acidic corrosion
of mild steel: Experimental and computational studies, J. Mol.
Liq., 251 (2018) 317-332.

A. Zarrouk, B. Hammouti, T. Lakhlifi, M. Traisnel, H. Vezin,
F. Bentiss, New 1H-pyrrole-2,5-dione derivaties as efficient
organic inhibitors of carbon steel corrosion in hydrochloric
acid medium: electrochemical, XPS and DFT studies, Corros.
Sci., 90 (2015) 572-584.

XM. Wang, HY. Yang, EH. Wang, Corrosion inhibition of a
new Schiff base derivative with two pyridine rings on Q235
mild steel in 1.0 M HCl, Corros. Sci., 53 (2011) 4084-4092.

A.A. Gurten, H. Keles, E. Bayol, F. Kandemirli, The effect of
temperature and concentration on the inhibition of acid cor-
rosion of carbon steel by newly synthesized Schiff base, J. Ind.
Eng. Chem., 27 (2015) 68-78.

Y. Abboud, B. Thssane, B. Hammouti, A. Abourriche, S. Mao-
ufoud, T. Saffaj, M. Berrada, M. Charrouf, A. Bennamara, H.
Hannache, Effect of some new diazole derivatives on the cor-
rosion behavior of steel in 1 M HCI, Desal. Water Treat., 20
(2010) 35-44.

G. Ji, Shadma, Anjum, S. Sundaram, R. Prakash, Musa para-
disica peel extract as green corrosion inhibitor for mild steel in
HCl solution, Corros. Sci., 90 (2015) 107-117.

D. Daoud, T. Douadi, H. Hamani, S. Chafaa, M. Al-Noaimi,
Corrosion inhibition of mild steel by two new S-heterocyclic
compounds in 1 M HCI: experimental and computational
study, Corros. Sci., 94 (2015) 21-37.

K.I. Kabel, K. Zakaria, M.A. Abbas, E.A. Khamis, Assessment
of corrosion inhibitive behavior of 2-aminothiophenol deriva-
tives on carbon steel in 1 M HC], J. Ind. Eng. Chem., 23 (2015)
57-66.

F. Bentiss, C. Jama, B. Mernari, H.E. Attari, L.E. Kadi, M. Leb-
rini, M. Traisnel. M. lagrenée, Corrosion control of mild steel
using 3,5-bis (4-methoxyphenyl)-4-amino-1,2,4-triazole in
normal hydrochloric acid medium, Corros. Sci., 51 (2009) 1628-
1635.

M. Elayyachy, A. El Idrissi, B. Hammouti, New thio-com-
pounds as corrosion inhibitor for steel in 1 M HCl, Corros. Sci.,
48 (2006) 2470-2479.

A.S. Fouda, M.A. Elmorsi, T. Fayed, I.A. El Said, Oxazole
derivatives as corrosion inhibitors for 316L stainless steel in
sulfamic acid solutions, Desal. Water Treat., 57 (2016) 4371-
4385.

A.S. Fouda, M. Abdallah, R.A. El-Dahab, Some quinazoline
derivatives as corrosion inhibitors for copper in HNO, solu-
tion, Desal. Water Treat., 22 (2010) 340-348.

A. Popova, M. Christov, S. Raicheva, Adsorption and inhibi-
tive properties of benzimidazole derivatives in acid mild steel
corrosion, Corros. Sci., 46 (2004) 1333-1350.

E.E. Oguzie, C. Unaegbu, C.E. Ogukwe, B.N. Okolue, AL
Onuchukwu, Inhibition of mild steel corrosion in sulphuric
acid using indigo dye and synergistic halide additives, Mater.
Chem. Phys., 84 (2004) 363-368.



268

[43]

(44]

(45]

(46]

(47]

[48]

(49]

(50]

(51]

[52]

(53]

(54]

[55]

H.H. Zhang et al. / Desalination and Water Treatment 159 (2019) 257-268

J. Aljourani, K. Raeissi, M.A. Golozar, Benzimidazole and its
derivatives as corrosion inhibitors for mild steel in 1 M HCI
solution, Corros. Sci., 51 (2009) 1836-1843.

A.A. Khadom, A.S. Yaro, A. Amir, H. Kadum, Corrosion inhi-
bition by naphthylamine and phenylenediamine for the corro-
sion of copper-nickel alloy in hydrochloric acid, J. Taiwan. Inst.
Chem. Eng,, 41 (2010) 122-125.

F. Touhami, A. Aouniti, Y. Abed, B. Hammouti, S. Kertit, A.
Ramdani, K. Elkacemi, Corrosion inhibition of armcl iron in 1
M HCI media by new bipyrazolic derivatives, Corros. Sci., 42
(2000) 929-940.

M.A. Quraishi, M.A. Singh, Inhibiting effects of 5-substituted
isatin-based Mannich bases on the corrosion of mild steel in
hydrochloric acid solution, J. Appl. Electrochem., 40 (2010)
1293-1306.

X. Li. L. Tang, Synergistic inhibition between OP and NaCl
on the corrosion of cold-rolled steel in phosphoric acid, Mater.
Chem. Phys., 90 (2005) 286-297.

L. Larabi, Y. Harek, O. Benali, S. Ghalem, Hydrazide deriva-
tives as corrosion inhibitors for mild steel in 1 M HCI, Prog.
Org. Coat., 54 (2005) 256-262.

S. Martinez, Inhibitory mechanism of mimosa tannin using
molecular modeling and substitutional adsorption isotherms,
Mater. Chem. Phys., 77 (2003) 97-102.

H.M. Abd El-Lateef, A.M. Abu-Dief, L.H. Abdel-Rahman, E.C.
Sanudo, N. Aliaga-Alcalde, Electrochemical and theoretical
quantum approaches on the inhibition of C1018 carbon steel
corrosion in acidic medium containing chloride using some
newly synthesized phenolic Schiff bases compounds, J. Elec-
troanal. Chem., 743 (2015) 120-133.

D.M. Gurudatt, K.N. Mohana, Synthesis of new pyridine based
1,3,4-oxadiazole derivatives and their corrosion inhibition per-
formance on mild steel in 0.5 M hydrochloric acid, Ind. Eng.
Chem. Res., 53 (2014) 2092-2105.

G. Banerjee, S.N. Malhotra, Contribution to adsorption of
aromatic amines on mild steel surface from HCl solutions by
impedance, UV and Raman spectroscopy, Corrosion, 48 (1992)
10-15.

YW. Liu, Y. Chen, X.H. Chen, Y. Xie, Z. Zhang, Study on
adsorption behavior of ketoconazole on Q235 mild steel in 1.0
M HCI solution with electrochemical measurement, J. Alloy.
Compd., 758 (2018) 184-193.

Y. Chen, X.H. Chen, YW. Liu, H.H. Zhang, Y. Xie, Z.N. Yang, Z.
Zhang, Evaluation of physical and chemical adsorption using
electrochemical noise technique for methylene blue on mild
steel, J. Chem.Thermodyn., 126 (2018) 147-159.

CJ. Zou, QW. Tang, PW. Zhao, E.D. Guan, X. Wu, H. Ye,
Further study on the inclusion complex of 2-phosphonobu-
tane-1,2,4-tricarboxylic acid with B-cyclodextrin: a new insight
of high inhibition efficiency for protecting steel corrosion, J.
Petrol. Sci. Eng., 103 (2013) 29-35.

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

X. Li, S. Deng, H. Fu, Triazolyl blue tetrazolium bromide as a
novel corrosion inhibitor for steel in HCl and H,SO, solutions,
Corros. Sci., 53 (2011) 302-309.

S. Issaadi, T. Douadi, A. Zouaoui, S. Chafaa, M.A. Khan, G.
Bouet, Novel thiophene symmetrical Schiff base compounds
as corrosion inhibitor for mild steel in acidic media, Corros.
Sci., 53 (2011) 1484-1488.

Y. Chen, X.H. Chen, Z.N. Yang, YW. Liu, HH. Zhang, J.Y. Yin,
Z. Zhang, In-situ monitoring the inhibition effect of benzotri-
azole on copper corrosion by electrochemical noise technique,
J. Taiwan. Inst. Chem. Eng,, 80 (2017) 908-914.

H.R. Zhao, Y.L. Xu, C.K. Chen, Y. Chen, New aspects of copper
corrosion in a neutral NaCl solution in the presence of ben-
zotriazole, Corrosion, 74 (2018) 613-622.

Khadijah M. Emran, Hanaa Al-Refai, Immersion time effects
on the corrosion and passivation characterization of Ni-Cr
glassy alloys in artificial seawater, Desal. Water Treat., 102
(2016) 165-172.

D.H. van der Weijde, E.PM. van Westing, ] HW. de Wit, Elec-
trochemical techniques for delamination studies, Corros. Sci.,
36 (1994) 643-652.

P. Campestrini, EPM van Westing, ] HW de Wit, Influence of
surface preparation on performance of chromate conversion
coatings on Alclad 2024 aluminium alloy: Part II: EIS investi-
gation, Electrochim. Acta, 46 (2001) 2631-2647.

R. Solmaz, G. Kardas, M. Culha, B. Yazici, M. Erbil, Investi-
gation of adsorption and inhibitive effect of 2-mercaptothi-
azoline on corrosion of mild steel in hydrochloric acid media,
Electrochim. Acta, 53 (2008) 5941-5952.

M. HazwanHussin, M. Jain Kassim, N.N. Razali, N.H. Dahon,
D. Nasshorudin, The effect of Tinosporacrispa extracts as
a natural mild steel corrosion inhibitor in 1 M HCI solution,
Arab. J. Chem., 9 (2016) S616-5624.

A. Popova, E. Sokolova, S. Raicheva, M. Christov, AC and DC
study of the temperature effect on mild steel corrosion in acid
media in the presence of benzimidazole derivatives, Corros.
Sci., 45 (2003) 33-58.

Pn Singh, An Singh, M.A. Quraishi, Thiopyrimidine deriva-
tives as new and effective corrosion inhibitors for mild steel
in hydrochloric acid: electrochemical and quantum chemical
studies, J. Taiwan. Inst. Chem. Eng., 60 (2016) 588-601.

Z.Hu, Y. Meng, X. Ma, H. Zhu, J. Li, C. Li, D. Gao, Experimental
and theoretical studies of benzothiazole derivatives as corro-
sion inhibitors for carbon steel in 1 M HCI, Corros. Sci., 112
(2016) 563-575.

A. Zarrouk, B. Hammouti, T. Lakhlifi, M. Traisnel, H. Vezin,
F. Bentiss, New 1H-pyrrole-2,5-dione derivatives as efficient
organic inhibitors of carbon steel corrosion in hydrochloric
acid medium: electrochemical, XPS and DFT studies, Corros.
Sci., 90 (2015) 572-584.





